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Abstract 
In the middle of December 2014, a storm surge induced by explosive cyclone struck Nemuro, a city located in 
Hokkaido, Northern Japan, causing immense damage due to flooding. This explosive cyclone suddenly intensified 
along the east coast of Tohoku region and remained stationary near the Nemuro Bay due to the atmospheric blocking 
which existed over the Sea of Okhotsk. In this study, we analyze the moving velocity of explosive cyclones in 1960 
to 1999 and they are compared with those of typhoons considered as another meteorological cause for storm surge. 
Furthermore, we discuss synoptic fields in which explosive cyclones move slowly in Northern Japan utilizing an 
atmospheric blocking diagnosis method. 
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1. Introduction 
On 16 December 2014, two explosively developing extratropical cyclones (explosive cyclone) were generated 
over the northern and southern part of Japan (i.e. the Sea of Japan and the Northwestern Pacific) and moved along 
with the Japanese Islands. These cyclones started to merge each other and one that was located near southeastern 
part of Hokkaido, North island of Japan was suddenly strengthened on 17 December. The central pressure reached 
 
 
* Corresponding author. Tel.: +81-11-706-6189; fax: +81-11-706-6189. 
E-mail address: appukin@gmail.com 
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the organizing committee of HIC 2016
727 Yoshikazu Kitano and Tomohito J. Yamada /  Procedia Engineering  154 ( 2016 )  726 – 732 
946 hPa at 8:00 17 December [JST] and it stayed more than 24 hours off the coast of Nemuro which is the eastern 
city of Hokkaido [1]. Storm surge occurred and attacked this city, therefore economic loss reached 2 billion 
Japanese yen. As mentioned above, this striking explosive cyclone event had two unique characteristics; merger and 
stagnancy. In this paper, we focus on the stagnancy of explosive cyclones and we statistically investigate them 
utilizing 40 years reanalysis data and outputs of phase 3 of the Coupled Model Intercomparison Project (CMIP3) 
datasets. Section 2 describes the methodology. The results are introduced in Section 3, and we summarize this study 
in Section 4. 
2. Methodology 
In this section, we introduce the data used in this study, methods to diagnose explosive cyclone and atmospheric 
blocking and the definition of moving velocity. 
 
2.1. Data 
To discuss explosive cyclone, we use 3 model outputs of CMIP3 dataset. MIROC (The high-resolution version of 
Model for Interdisciplinary Research on Climate 3.2, jointly developed by the University of Tokyo) [2], MPI (The 
fifth-generation atmospheric GCM in Max-Plank-Institut für Meteorologie) [3] and NCAR (The Community Climate 
System Model version 3 in the National Center for Atmospheric Research) [4] are selected. The horizontal and vertical 
resolutions of these GCMs are listed in Table 1. As the past climate, a decade between 1990 and 1999 (defined “PAST”) 
is selected in each model. To consider the same future climate condition affected by global warming, we analyze a 
decade in which the global temperature increases at 2 K compared with the end of 20th century in A1B scenario (we 
defined the decade as “FUTURE”), utilized in MEXT/RECCA-Hokkaido [5, 6]. The decades are 2050-2059, 2060-
2069 and 2080-2089 in MIROC, MPI and NCAR, respectively. The 40-yr European Centre for Medium-Range 
Weather Forecasts (ECMWF) re-analysis (ERA-40; Uppala et al., 2005 [7]) is compared with PAST and FUTURE. 
The 40 years between 1960 and 1999 are analyzed. The sea level pressure and geopotential height on 500-hPa level 
of ERA-40, PAST and FUTURE are used and all GCMs are interpolated to 1.125Û (latitude) × 1.125Û (longitude) for 
tracking algorithm in section 2.2 and 1.5Û (latitude) × 4.5Û (longitude) for blocking diagnosis in section 2.3. The 6-
hourly data is used for explosive cyclone and daily data is used for blocking diagnosis. 
           
Table 1. The details of GCMs used for PAST and FUTURE. 
Model Vertical levels Horizontal resolutions Years used for PAST Years used for FUTURE References
MIROC L56 T106 1990-1999 2050-2059 [2] 
MPI L32 T63 1990-1999 2060-2069 [3] 
NCAR L26 T85 1990-1999 2080-2089 [4] 
 
For the analysis of typhoon, we use a typhoon path data produced by Japan Meteorological Business Support 
Center [8]. This dataset provides central pressure at sea level height at each longitude and latitude for every 6 hour. 
We analyze four decades from 1960 to 1999 to be compared with ERA-40. It should be noted that this data contains 
the paths after typhoon becomes extratropical cyclone. Because the aim of this paper is to discuss cyclones that affect 
on storm surge, the difference of formation mechanism between typhoon and extratropical cyclone is not considered. 
Hereinafter, we do not distinguish between typhoon and extratropical cyclone originated from typhoon, as there is no 
particular remark otherwise stated.  
2.2. Tracking algorithm for explosive cyclone 
The tracking algorithm follows Yoshida and Asuma (2004) [9]. The target region for the tracking of explosive 
cyclone is taken between 20Û and 60ÛN in latitude and between 100ÛE to 180Û in longitude. Explosive cyclones are 
detected as the below procedure. First, the local minimum position of sea level pressure in 4.5Û (latitude) × 6.75Û 
(longitude) box are detected for all 6-hourly time steps. Next, a minimum position detected at time step T+1 within 
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11.25Û (latitude) × 18.0Û (longitude) box centered on the minimum at time step T is defined as a consecutive minimum. 
In case there are two or more minima in the box, a closest one is detected. If this tracking continues more than or equal 
to 1 day (consecutive 4 time steps), this minimum position is diagnosed that low pressure is located. To consider the 
characteristic of rapid development of central pressure, the condition of deepening rate İ is introduced. 
    (1) 
Where T is time step and P is the minimum low pressure (central pressure). ĳ means the latitude of central pressure. 
If this condition (1) is satisfied, the low pressure is defined as explosive cyclone. If more than two tracking paths join 
each other, they are counted as the same event. 
 
2.3. Blocking diagnosis method 
The method for blocking diagnosis follows Masato et al. (2013) [10]. The blocking index ȕ is defined as below. 
    (2) 
Here, Zi is the daily geopotential height on 500-hPa level at ĳ (latitude) and Ȝ0 (longitude). The first integral is the 
average of Zi on northern part of point (ĳ0, Ȝ0) and the second integral is one of southern part within ǻĳ=30Û. Therefore 
ȕ means the meridional gradient of geopotential height on 500-hPa level. If ȕ is larger than 1, a large scale reversal of 
meridional geopotential gradient (i.e. the wave brake of westerly wind) occurs at the point (ĳ0, Ȝ0). 
To consider the persistent feature of blocking, conditions of the duration and spatial limit are considered. First, 
local positive ȕ maxima are detected at each day and they are tracked using 27Û (latitude) × 36Û (longitude) box. The 
tracking is limited in 40Û (latitude) × 52Û (longitude) box centered at the first position local positive ȕ maximum occur. 
If the tracking continues more than 5 days, the positive ȕ area related with the maximum point is defined as “blocked”. 
The blocking frequency is defined as the percentage of blocked days out of target days. 
 
2.4. Definition of moving velocity 
To analyze the stagnancy of explosive cyclones and typhoons, definition of moving velocity is introduced. Utilizing 
tracking algorithm for explosive cyclone (Section 2.2) and typhoon path data (Section 2.1), the locations of central 
pressure are detected. The moving velocity is defined as below. 
 (3) 
Here, T is 6-hourly time step and X and Y are the location of central pressure (Fig. 1). This is an average of velocities 
calculated by the time steps between T-1 and T, and between T and T+1.  
 
 
Fig. 1. Schematic diagram of equation (3). Red circles mean the location of central pressure. 
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3. Results 
Fig. 2 shows the spatial distribution of moving velocity over Japan and its surroundings for both (a), (c), (e) 
typhoons and (b), (d), (f) explosive cyclone. It is necessary to be noted that we used different datasets to detect 
typhoons and explosive cyclones. Therefore, we should be careful to compare quantitatively moving velocity of 
typhoon with one of explosive cyclone. Here, we indicate the moving velocity of them qualitatively. Furthermore, the 
seasons in which typhoon and explosive cyclone occur are different; typhoons tend to occur in summer and autumn 
but explosive cyclones do in autumn, winter and spring. The reason why we compare two phenomena in different 
seasons is that the aim of this analysis is to discuss the stagnancy of cyclones and storm surge for disaster prevention. 
 
Fig. 2. Spatial distribution of moving velocity over Japan and its surroundings for both (a), (c), (e) typhoons and (b), (d), (f) explosive 
cyclone. (a), (b) mean velocity (MEAN), (c) (d) mean velocity minus its standard deviation (MEAN-STD) and (e), (f) slowest velocity 
(SLOWEST). 
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Three types of velocities are plotted; (a), (b) mean velocity (MEAN), (c) (d) mean velocity minus its standard 
deviation (MEAN-STD) and (e), (f) slowest velocity (SLOWEST) in each grid. These velocities are calculated by 
all typhoons and explosive cyclones that pass through each grid. The MEAN of typhoon is mainly less than 50 
km/hr over Japan and its surroundings. On the other hand, one of explosive cyclone is more than 40 km/hr in this 
area. In the case of the MEAN-STD of typhoons, slow velocities between 0 and 20 km/hr are observed over 
southern part of Japan. Over the Sea of Okhotsk, the MEAN-STD of explosive cyclones becomes slower than other 
region. The SLOWEST shows both of typhoons and explosive cyclone stay long over the Sea of Japan and the 
Northwestern Pacific near the Northern Japan region. In generally, typhoon becomes weaker as it goes up north, but 
explosive cyclone becomes stronger with higher latitude [1]. In this analysis, it is confirmed that the explosive 
cyclone tends to be stagnant near the Northern Japan region. The explosive cyclone is important to consider disaster 
prevention for storm surge not only in the point of its intensity but also its stagnancy. 
 
Fig. 3. Climatology of blocking frequency in (a) ERA-40 (1960-1999), (b) MIROC (1990-1999, PAST), (c) MPI (1990-1999, PAST) and (d) 
NCAR (1990-1999, PAST); (e)-(h) blocking frequency calculated by days in which FAST explosive cyclones becomes slowest in 
Northern Japan are drawn by black solid lines. Color shading shows the difference from climatology; (i)-(l) Similar figures with (e)-
(h) but for MIDDLE; Similar figures with (e)-(h) but for SLOW. 
 
Kitano and Yamada (2016) [1] discussed the stagnancy of explosive cyclone and atmospheric blocking. This paper 
revealed that blocking occurs more frequently over the Sea of Okhotsk when explosive cyclone stayed in Northern 
Japan for long period in winter using reanalysis data. Fig. 3 shows the relationship between blocking frequency and 
explosive cyclone that passes through Northern Japan (37-46ÛN; 137-148ÛE, red rectangles in Fig. 2). Here, 936, 287, 
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224 and 269 explosive cyclones are detected in ERA-40 (1960-1999), MIROC (1990-1999, PAST), MPI (1990-1999, 
PAST) and NCAR (1990-19999, PAST). The top 4 figures show the climatology of blocking frequency in ERA-40 
and each model. Over the North Pacific region, blocking frequently occurs especially on the Russian Far East. Next, 
we classify explosive cyclones that pass through Northern Japan under three categories. Explosive cyclones that have 
minimum moving velocity in Northern Japan more than 66th percentile are classified in FAST category. MIDDLE is 
the second category in which explosive cyclones are faster than 33rd percentile and slower than 66th percentile. Last 
category is SLOW and explosive cyclones that are slower than 33rd percentile are classified. Black lines in Fig. 1(e)-
(h) show the blocking frequency calculated by days in which explosive cyclones in FAST becomes slowest in Northern 
Japan in ERA-40, MIROC (PAST), MPI (PAST) and NCAR (PAST). Color shows the difference from climatology 
(FAST-climatology). Warm color indicates blocking occurs more frequently than climatology. Similar figures of (i)-
(p) are the case of MIDDLE and SLOW. When explosive cyclones go through Northern Japan, the North Pacific 
blocking occurs more frequently in comparison with climatology regardless of three categories. This tendency is 
observed in 3 models. Furthermore, in the case of SLOW categories, high blocking frequency is observed over 
Sakhalin near Northern Japan. 
 
 
Fig. 4. As in Fig. 3, but for future climate (FUTURE). 
 
Fig. 4 shows the case of future climate (FUTURE) as in FIG. 3. In FUTURE, 265, 220 and 246 explosive cyclones 
over Northern Japan are detected in MIROC, MPI and NCAR. It is same as PAST (Fig. 2) that blocking frequency 
over the North Pacific region is higher than climatology when explosive cyclones pass through Northern Japan. In 
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addition, blocking frequency over Sakhalin is higher than climatology when explosive cyclones categorized in SLOW 
occurs, but the frequency slightly decreases in FUTURE in comparison with PAST. 
4. Summary 
To investigate the stagnancy of explosive cyclones as the meteorological cause for storm surge, we compare 
explosive cyclones with typhoons utilizing a reanalysis data and a typhoon path data. Over Japan and its surroundings, 
mean speed of explosive cyclone is not slower than one of typhoon. On the other hand, the slowest events of explosive 
cyclone show remarkable stagnancy over the Sea of Japan and the Northwestern Pacific near Northern Japan. To 
analyze the reason why explosive cyclone moves slowly, we suggest the relationship between the location of 
atmospheric blocking and explosive cyclone over Northern Japan. When explosive cyclones pass through Northern 
Japan, blocking frequency over the North Pacific is higher than climatology regardless of the moving velocity in 
reanalysis data and past and future climate simulation. When explosive cyclones go through Northern Japan with 
lower speed, blocking frequency becomes higher than climatology over Sakhalin near Northern Japan in reanalysis 
data and past climate simulation. This tendency is confirmed but becomes weaker in future climate simulation. 
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